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A universal mechanism may be responsible for several unresolved cosmic conundra. The sudden
drop in the pressure of relativistic matter at W±/Z0 decoupling, the quark-hadron transition
and e+e− annihilation enhances the probability of primordial black hole (PBH) formation in the
early Universe. Assuming the amplitude of the primordial curvature fluctuations is approximately
scale-invariant, this implies a multi-modal PBH mass spectrum with peaks at 10−6, 1, 30, and
106M. This suggests a unified PBH scenario which naturally explains the dark matter and recent
microlensing observations, the LIGO/Virgo black hole mergers, the correlations in the cosmic
infrared and X-ray backgrounds, and the origin of the supermassive black holes in galactic nuclei
at high redshift. A distinctive prediction of our model is that LIGO/Virgo should observe the
merging of black holes in the mass gap between 2 and 5M, with low mass ratios, and above 65M
in the pair-instability mass gap. Therefore the recent detection of events GW190425, GW190814
and GW190521 with these features is striking confirmation of our prediction and may indicate a
primordial origin for the black holes. The detection of PBHs would also offer a novel way to probe
the existence of new particles with mass between 1 MeV and 1010 GeV.
Introduction — Primordial black holes (PBHs) in
the solar-mass range have attracted a lot of attention
since the LIGO/Virgo detection of gravitational waves
from coalescing black holes [1]. The observed merger
rate is compatible with what would be expected if
PBHs constitute an appreciable fraction, and possibly
all, of the cold dark matter (CDM). Moreover, the
LIGO/Virgo observations seem to favour mergers with
low effective spins, as expected for PBHs but hard to
explain for black holes of stellar origin [2]. An extended
PBH mass function with a peak in the range 1 – 10M
could explain the LIGO/Virgo observations. Based on
an argument related to gravitational lensing by PBH
clusters, we show that the usual dark-matter constraints
from the microlensing of stars, supernovae and quasars
in this range can be evaded.
Given the revival of interest in PBHs, one must
explain why they have the mass and density required
for explaining the LIGO/Virgo events, and why these
values are comparable to the mass and density of stars.
One approach is to choose an inflationary scenario which
produces a peak in the power spectrum of curvature
fluctuations at the required scale [3]. The required
amplitude of the inhomogeneities must be much larger
than that observed on cosmological scales but not too
large, so this requires fine-tuning of both the scale and
amplitude.
An alternative approach is to assume the power spec-
trum is smooth (i.e. featureless) but that there is a
sudden change in the plasma pressure at a particular
cosmological epoch, allowing PBHs to form more eas-
ily then. Enhanced gravitational collapse occurs be-
cause the critical density fluctuation required for PBH
formation (δc) decreases when the equation-of-state pa-
rameter (w ≡ p/ρc2) is reduced. Since the PBH col-
lapse fraction depends exponentially on δc for Gaussian
fluctuations [4], this can have a strong effect on the
fraction of CDM in PBHs. This is particularly impor-
tant for the Quantum Chromodynamics (QCD) transi-
tion at ∼ 10−5 s, lattice-gauge-theory calculations indi-
cating that the sound-speed decreases by around 30%
then [5, 6].
PBHs formed at the QCD transition would naturally
have the Chandrasekhar mass (1.4M), this also char-
acterising the mass of main-sequence stars, and a col-
lapse fraction of order the the cosmic baryon-to-photon
ratio (∼ 10−9) if PBHs provide all of the dark matter [7].
The latter feature is naturally explained if PBH forma-
tion generates a hot outgoing shower of relativistic par-
ticles, in which electroweak baryogenesis occurs very ef-
ficiently and produces a local baryon-to-photon ratio of
order unity [8].
In this paper we point out an interesting consequence
of the above scenario, by extending it beyond the QCD
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2scale. As the background temperature decreases from
100 GeV to 1 MeV, corresponding to the rest masses of
the W and Z bosons, the proton, the pion and the elec-
tron, there are four periods at which the sound speed ex-
hibits sudden dips. The proton dip is the biggest (∼ 30%)
but the others can also be significant (5 – 10%) because of
the exponential dependence of the gravitational collapse
probability on the critical curvature fluctuation. These
dips produce distinctive features in the PBH mass func-
tion at four mass scales in the range 10−6 – 106M.
An important feature of this scenario is that it predicts
the form of the PBH mass distribution very precisely. We
show that for a nearly scale-invariant primordial power
spectrum, the expected form not only satisfies all the
current astrophysical and cosmological constraints, but
also allows the PBHs to explain numerous observational
conundra: (1) microlensing events towards the Galactic
bulge generated by planet-mass objects with 1% of the
CDM density [9], well above most expectations for free-
floating planets; (2) microlensing of quasars [10], includ-
ing ones that are so misaligned with the lensing galaxy
that the probability of lensing by a star is very low; (3)
the unexpected high number of microlensing events to-
wards the Galactic bulge by dark objects in the mass gap
between 2 and 5M [11], where stellar evolution models
fail to form black holes [12]; (4) unexplained correlations
in the source-subtracted X-ray and cosmic infrared back-
ground fluctuations [13]; (5) the non-observation of ultra-
faint dwarf galaxies below the critical radius of dynamical
heating by PBHs [14]; (6) the masses, spins and coales-
cence rates for the black holes found by LIGO/Virgo [15],
including two recent events with black holes which are
probably in the mass gap; (7) the unexplained relation-
ship between the mass of a galaxy and that of its central
black hole.
Thermal History of the Universe — Reheating at the
end of inflation fills the Universe with radiation. In the
absence of extensions beyond the Standard Model (SM)
of particle physics (eg. with right-handed neutrinos), the
Universe remains dominated by relativistic particles with
an energy density decreasing as the fourth power of the
temperature as the Universe expands. The number of
relativistic degrees of freedom remains constant (g∗ =
106.75) until around 200 GeV, when the temperature of
the Universe falls to the mass thresholds of SM particles.
As shown in Fig. 1 (upper panel), the first parti-
cle to become non-relativistic is the top quark at T '
mt = 172 GeV, followed by the Higgs boson at 125 GeV,
and the Z and W bosons at 92 and 81 GeV, respec-
tively. These particles become non-relativistic at nearly
the same time and this induces a significant drop in
the number of relativistic degrees of freedom down to
g∗ = 86.75. There are further changes at the b and c
quark and τ -lepton thresholds but these are too small to
appear in Fig. 1. Thereafter g∗ remains approximately
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Figure 1. Relativistic degrees of freedom g∗ (upper panel) and
equation-of-state parameter w (lower panel), both as a func-
tion of temperature T (in MeV). The grey vertical lines cor-
respond to the masses of the electron, pion, proton/neutron,
W, Z bosons and top quark, respectively. The grey dashed
horizontal lines indicate values of g∗ = 100 and w = 1/3,
respectively.
constant until the QCD transition at around 200 MeV,
when protons and neutrons condense out of the free light
quarks and gluons. The number of relativistic degrees of
freedom then falls abruptly to g∗ = 17.25. A little later
the pions become non-relativistic and then the muons,
giving g∗ = 10.75. Thereafter g∗ remains constant un-
til e+e− annihilation and neutrino decoupling at around
1 MeV, when it drops to g∗ = 3.36.
Whenever the number of relativistic degrees of freedom
suddenly drops, it changes the effective equation of state
parameter w. As shown in Fig. 1 (lower panel), there are
thus four periods in the thermal history of the Universe
when w decreases. After each of these, w resumes its rel-
ativistic value of 1/3 but each sudden drop modifies the
probability of gravitational collapse of any large curva-
ture fluctuations present at that time. We will see below
how these changes in w result in the production of PBHs
with different masses and dark-matter fractions.
3Primordial Black Hole Formation—There are a
plethora of mechanisms for PBH formation. All of them
require the generation of large overdensities, specified by
the density contrast, δ ≡ δρ/ρ, usually assumed to be of
inflationary origin. When overdensities re-enter the Hub-
ble horizon, they collapse if they are larger than some
threshold δc, which generally depends on the equation of
state and density profile. However, there are other (non-
inflationary) scenarios for PBH formation, where the in-
homogeneities arise from first-order phase transitions,
bubble collisions, and the collapse of cosmic strings, neck-
laces, domain walls or non-standard vacua. Full refer-
ences can be found in Ref. [16].
The threshold δc is a function of the equation-of-state
parameter w(T ), which is shown in Fig. 1, so the ther-
mal history of the Universe can induce pronounced fea-
tures in the PBH mass function even for a uniform power
spectrum. This is because, if the PBHs form from Gaus-
sian inhomogeneities with root-mean-square amplitude
δrms, then the fraction of horizon patches undergoing col-
lapse to PBHs when the temperature of the Universe is
T should be [4]
β(M) ≈ erfc
[
δc
(
w[T (M)]
)
√
2 δrms(M)
]
, (1)
where ‘erfc’ is the complementary error function and the
temperature is related to the PBH mass by
T ≈ 200
√
M/M MeV . (2)
This shows that β(M) is exponentially sensitive to w(M).
Throughout this work, we use the numerical results for
δc from Ref. [17]. The present CDM fraction for PBHs
of mass M is
fPBH(M) ≡ 1
ρCDM
dρPBH(M)
d lnM
≈ 2.4β(M)
√
Meq
M
, (3)
whereMeq = 2.8×1017M is the horizon mass at matter-
radiation equality and ρCDM is the CDM density. The
numerical factor is 2 (1+Ωb/ΩCDM), with ΩCDM = 0.245
and Ωb = 0.0456 being the CDM and baryon density
parameters [18].
There are many inflationary models and these predict
a variety of shapes for δrms(M). Some of them, including
single-field models like Higgs inflation [19] or two-field
models like hybrid inflation [20], produce an extended
plateau or dome-like feature in the power spectrum. In-
stead of focussing on any specific scenario, we will assume
a spectrum of the form
δrms(M) =

A˜
(
M
M
)(1−n˜s)/4
[small (PBH) scales]
A
(
M
M
)(1−ns)/4
[large (CMB) scales] .
(4)
Here the spectral index ns and amplitude A are taken to
have their CMB values [18], ns = 0.97 and A = 4×10−5,
respectively, while the corresponding small-scale quan-
tities, n˜s and A˜, are treated as free phenomenological
parameters. Indeed, Eq. (4) can represent any spectrum
with an additional broad peak or small-scale enhance-
ment, such as might be generically produced by a second
phase of slow-roll inflation. In order to get an integrated
PBH abundance of f totPBH = 1, the small-scale amplitude
has to be A˜ = 0.1487 if n˜s = ns. As discussed in the
appendices, non-Gaussian and non-linear effects [21] can
impact the overall PBH abundance, but these can be
counter-balanced by rescaling A˜ to give f totPBH = 1 with-
out significantly affecting the mass function.
The ratio of the PBH mass and the horizon mass at re-
entry is denoted by γ and we assume γ = 0.7 as a bench-
mark value, following Ref. [8]. The resulting mass func-
tion is represented in Fig. 2. It exhibits a dominant peak
at M ' 2M and three additional bumps at 10−5M,
30M and 106M, corresponding to transitions in the
number of relativistic degrees of freedom predicted by the
known thermal history of the Universe1. Jedamizk [22]
first drew attention to the dips at the QCD and electron-
annihilation epochs. Byrnes et al. [6] have derived the
PBH mass function associated with the QCD transition
but this omits the smallest and largest mass bumps. We
note that the prominence of the latter depends on the
tilt of the power spectrum and our choice of tilt makes it
more significant. Byrnes et al. also incorporate a more
detailed study of the effects of criticality on the low-mass
tail of the PBH mass function. Although the time depen-
dence of the equation of state of the thermal plasma is
crucial in determining the PBH mass function, the tail
effect is not large; it just lowers and slightly broadens the
main peak at around 1M.
Constraints — In this section, we discuss whether the
PBH mass functions shown in Fig. 2, all of which assume
f totPBH = 1, are compatible with the numerous observa-
tional constraints on fPBH(M). There is an overproduc-
tion of light PBHs for n˜s >∼ 0.975 and of heavy ones
for n˜s <∼ 0.965 but we claim the mass distribution for
n˜s ' 0.97 can provide 100% of the dark matter without
violating any current reliable constraints, despite some
claims to the contrary.
In order of increasing mass, the various PBH con-
straints come from the extragalactic gamma-ray back-
ground, microlensing surveys, dynamical effects (such as
the heating of ultra-faint dwarf galaxies and their stel-
lar clusters and the disruption of wide binaries), radio
and X-ray point source counts, and CMB anisotropies
1 We also indicate the values of M associated with the two recent
LIGO/Virgo events, although this data only became available
after our prediction.
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Figure 2. The mass spectrum of PBHs [see Eq. (4)] with spec-
tral index n˜s = 0.965 (red, dashed), 0.97 (blue, solid), 0.975
(green, dotted). The grey vertical lines corresponds to the
EW and QCD phase transitions and e+e− annihilation. The
vertical coloured lines indicate the masses of the two recent
LIGO-Virgo events. Also shown (grey curves) are constraints
from microlensing (M) with the assumptions of Table I (fourth
line), ultra-faint dwarf galaxies and Eridanus II (E) [23], X-
ray/radio counts (X) [24], and halo wide binaries (W) [25].
The accretion constraint (A) [26] is shown dashed because it
relies on uncertain astrophysical assumptions (see Table I).
generated by PBH accretion. The limits are summarised
in Ref. [27] and numerous other papers. Most of these
constraints assume a monochromatic PBH mass function
(i.e. one with width ∆M ∼ M). In the present scenario
we predict an extended mass function and cannot sim-
ply compare this with the monochromatic constraints.
In order to assess the situation, we adopt the approach
advocated in Ref. [28]. Assuming that the mass distribu-
tion scales linearly with f totPBH, each probe p sets an upper
limit
fmaxPBH =
(∫
dlnM
fPBH(M)
fmonp (M)
)−1
, (5)
where fmonp (M) is the limit from the probe p for a
monochromatic function of mass M . We have calcu-
lated the value of fmaxPBH associated with each probe for
n˜s = 0.97 but different astrophysical assumptions. These
are shown in Table I and discussed in more detail in the
appendices material.
Observational Conundra — Besides passing the cur-
rent observational constraints on the form of the CDM,
the PBH mass function with n˜s ' 0.97 predicted from the
known thermal history of the Universe provides a unified
explanation for several other puzzling conundra. We dis-
cuss these in order of increasing PBH mass. The status
of some of the conundra is still unclear but we include all
of them to convey the breadth of predictions.
1. Planetary-Mass Microlenses. Recently Niikura et
al. have reported two interesting microlensing results.
The first [34] comes from observations of M31 using the
Subaru telescope, which include one possible detection
and place strong constraints on PBHs in the mass range
10−10 and 10−6M. The constraints are roughly com-
patible with our model and even the single candidate
could be. The second [9] uses data from the five-year
OGLE survey of 2622 microlensing events in the Galac-
tic bulge [35] and has revealed six ultra-short ones at-
tributable to planetary-mass objects between 10−6 and
10−4M. These would contribute about 1% of the CDM,
which is more than expected for free-floating planets [36].
This corresponds to the first bump in our predicted PBH
mass function and the abundance, when integrated over
the mass range probed by OGLE, coincides with our best-
fit model with n˜s ' 0.97.
2. Quasar Microlensing. The detection of 24 mi-
crolensed quasars [10] suggests that up to 25% of galac-
tic haloes could be in PBHs with mass between 0.05 and
0.45M (somewhat below our main peak). These events
could also be explained by intervening stars, but in sev-
eral cases the stellar region of the lensing galaxy is not
aligned with the quasar, which suggests a population of
subsolar halo objects with fPBH > 0.01. Hawkins has
recently argued that the most plausible microlensers are
PBHs, either in galactic halos or distributed along the
lines of sight to the quasars [37]. For a PBH mass func-
tion with n˜s = 0.97, one expects fPBH ' 0.05 in this mass
range. This is also consistent with claimed detections of
microlensing of stars in M31 by halo objects with M be-
tween 0.5 and 1M and fPBH between 15% and 30%
[38]. In principle, Ref. [10] excludes all the DM being
in the main peak at 2M but that conclusion can be
circumvented if the PBHs are in clusters. Indeed, we ar-
gue in the appendices that only 10% of the PBHs should
be uniformly distributed. Note that Hawkins has claimed
for many years that quasar microlensing data suggest the
existence of PBH dark matter [39]. He originally argued
for Jupiter-mass PBHs but later increased the minimum
mass estimate to 0.4M [40].
3. OGLE/GAIA Excess of Dark Lenses in the Galac-
tic Bulge. OGLE has detected around 60 long-duration
microlensing events, of which around 20 have GAIA par-
allax measurements which break the mass-distance de-
generacy and imply that they are probably black holes
[11]. The event distribution from the posterior likelihood
of their masses peaks between 0.8 and 5M, which over-
laps the gap from 2 to 5M in which black holes are
not expected to form as the endpoint of stellar evolution
[12]. Although most of the DM is not in the mass gap,
this is consistent with the main peak in the PBH mass
distribution if 0.6 . γ . 1.
4. Cosmic Infrared/X-ray Backgrounds. As shown by
Kashlinsky [13, 41], the spatial coherence of the X-ray
5Probe f totPBH Assumptions References
0.08 isothermal DM halo profile, no clustering EROS [29], OGLE [30]
Microlensing 0.39 conservative isothermal profile, Maxwellian velocity distribution, Green [31]
no clustering Green [31]
(LMC/SMC) 0.16 realistic profile, Maxwellian velocity distribution, no clustering Calcino et al. [32]
3.9 Green [31] model plus 90% of PBHs in clusters > 103M appendices
Eridanus II 2.3 IMBH of M = 2000M at centre Li et al. [23], Brandt [33]
X-ray/radio PS in GC 4.5 accretion parameter λ = 0.02, Maxwellian velocity distribution Gaggero et al. [24]
Halo wide binaries 19 fixed relative velocity, constant DM profile Quinn et al. [25]
Planck 0.17 conservative case, steady-state accretion, no clustering Ali-Ha¨ımoud et al. [26]
Table I. Upper limits (at 95% C.L.) on the integrated PBH fraction f totPBH from the various probes discussed in the text, calculated
for a PBH mass function with n˜s = 0.97. The third column lists the main assumptions and uncertainties underlying these
limits. The PBHs can account for all the dark matter if one uses a realistic estimate of the EROS microlensing constraints
(fourth line). Uncertainties in CMB limits for this mass function are discussed in the text.
and infrared source-subtracted backgrounds implies that
black holes are required. Although these need not be
primordial, the level of the infrared background suggests
an overabundance of high-redshift haloes and this could
be explained if a significant fraction of the CDM com-
prises PBHs larger than a few solar masses, the Poisson
fluctuations in their number density then growing all the
way from matter-radiation equality. In these haloes, a
few stars form and emit infrared radiation, while PBHs
emit X-rays due to accretion. It is challenging to find
other scenarios that naturally produce such features. The
required mass cannot be specified precisely. Ref. [41] fo-
cuses on 30M PBHs and the Poissonian power is smaller
by an order of magnitude for 3M PBHs. However, this
only reduces the mass of high-z halos by a factor of a
few, so the IR background can still be explained with
our mass distribution.
5. Ultra-Faint Dwarf Galaxies (UFDGs). For the PBH
mass distribution shown in Fig. 2, the critical radius be-
low which CDM-dominated UFDGs would be dynami-
cally unstable is rc ∼ 10 – 20 parsecs (depending on the
mass of a possible central black hole). The non-detection
of galaxies smaller than this critical radius, despite their
magnitude being above the detection limit, suggests com-
pact halo objects in the solar-mass range. Moreover,
rapid accretion in the densest PBH haloes could explain
the extreme UFDG mass-to-light ratios observed [14].
Recent N -body simulations [42] confirm that this mech-
anism works for PBHs of 25 – 100M providing they
provide at least 1% of the dark matter.
6. Mass, Spin and Merger Rates for LIGO/Virgo Black
Holes. Most of the observed coalesced black holes have
effective spins compatible with zero [43]. Although the
statistical significance of this result is still low, this goes
against a stellar binary origin but is a prediction of the
PBH scenario. We assume that most of the binaries form
at late times rather than primordially and the reasons
for this (somewhat controversial assumption) are given
in the appendices. In this case, the expected rate of
PBH mergers is comparable to that observed if PBHs
account for a significant fraction of the CDM. With our
mass distribution, PBHs in the range 10 – 100M have
fPBH(M) ∼ 0.01 even if f totPBH = 1. Using a method dis-
cussed in the appendices, we have computed the likeli-
hood distribution of merger events with PBHs of masses
m1 and m2 for n˜s = 0.97. The results are shown in
Fig. 3, which shows that the LIGO/Virgo events are in
the most likely region. This region might slightly shift
to lower masses, if one takes into account the differ-
ence between the source frame and detector frame mass,
for the most distant black hole mergers. With the ex-
pected number of O3 events, LIGO/Virgo should be able
to detect mergers of PBHs larger than 65M or with
a low mass ratio, q ≡ m2/m1 . 0.1, these being dis-
tinctive predictions of our scenario. The expected PBH
merger rate in the solar-mass range, after normalising
to the observed rate of 50 yr−1 Gpc−3 in the larger mass
range, is τ ≈ 103 yr−1 Gpc−3 for PBHs between 1 and
5M, which is below the rate inferred for neutron-star
mergers but within range of the current LIGO/Virgo
runs. Our scenario could therefore be probed by search-
ing for BH mergers in the 2 – 5M mass gap or be-
low the Chandrasekhar mass. These could be distin-
guished from neutron-star mergers using the maximum
chirp frequency or non-detection of electromagnetic coun-
terparts. The LIGO/Virgo collaboration has announced
the probable detection of two BH mergers (GW190425
and GW190814) with one component in the mass gap
[44, 45]. These populate regions 4 or 5 of Fig. 3 and are
consistent with our model. The first event [44] could be
a merger of PBHs at the “proton” peak, given that no
electromagnetic counterpart was observed and one com-
ponent has a mass above that expected for a neutron star.
The second event corresponds to the “pion” plateau and
a recent paper by Jedamzik [46] also supports this con-
clusion. LIGO/Virgo has also announced the detection
of a black hole merger with at least one component in
the pair-instability mass gap (GW190521) [47, 48] that
populates region 2 of Fig. 3.
67. IMBHs and SMBHs. Given our mass distribution,
we have calculated the number of intermediate-mass and
supermassive PBHs for each 1012M halo. Interestingly,
we obtain about one 108M PBH per halo and 10 times
as many smaller ones, possibly seeding the formation of
a comparable number of dwarf satellites and faint CDM
haloes. Assuming a standard Press-Schechter halo mass
function [49],
dnh
d lnMh
≈ ρm√
pi Mh
e−Mh/M∗ , (6)
where ρm is the mean cosmological matter density (in-
cluding both dark matter and baryons) and M∗ ≈
1014M is the cut-off halo mass. For a given Mh, one
can thus identify the corresponding PBH mass that has
the same number density,
dnPBH
d lnM
≈ ρm fPBH
M
. (7)
This gives a relation Mh ≈ MPBH/fPBH, corresponding
to roughly one IMBH/SMBH per halo of mass 103MPBH
for our distribution, which is in agreement with observa-
tions. Furthermore, a mass distribution with n˜s ≈ 0.96
reproduces the observed relation between the central
black hole mass and halo mass [50], as shown in Fig. 4,
but only if f totPBH ' 1. A lower (larger) value of the spec-
tral index would imply too many (few) IMBH/SMBHs.
Accretion should increase the mass of heavier SMBHs
somewhat, and this would make the case n˜s ≈ 0.97 in
closer agreement with observations. Although the initial
peak is at 106M, PBHs of this mass would inevitably
grow as a result of accretion.
Conclusions — Various cosmic conundra are naturally
explained by the PBH mass function expected from the
known thermal history of the Universe if f totPBH = 1, i.e. if
PBHs constitute all of the dark matter. The current
LIGO/Virgo run should measure the mass function of
coalescing black holes rather precisely and, remarkably,
the two recent events coincide with the “proton” peak at
around 1M and the “pion” plateau at around 50M.
This is indicated in Fig. 3 and was a prediction of our
model. PBHs from the “W/Z” bump are too small to
be seen by LIGO/Virgo but they would be detectable by
microlensing effects and may indeed have already been
found in OGLE data. PBHs from the “electron” bump
are too large to be seen by LIGO/Virgo but may be de-
tected by their dynamical effects and may explain the re-
lation between the masses of IMBHs in dwarf spheroidals
or SMBHs in galactic nuclei and the masses of the host
haloes.
It is intriguing that extrapolating the physics of ele-
mentary particles back to the early Universe not only re-
solves the mystery of the dark matter but also addresses
so many other cosmic conundra. On the other hand, if
firm evidence for PBHs were found, a broad variety of
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Figure 3. Expected probability distribution of PBH merger
detections with masses m1 and m2 (in units of solar mass) by
LIGO/Virgo, assuming a PBH mass function with n˜s = 0.97,
based on the LIGO spectral noise density for the O2 run
and the method described in the appendices. The solid and
dashed white lines correspond to mass ratios q = m2/m1 of
0.1 and 0.5, respectively. The coloured sidebar gives the rel-
ative probability. The peak of our distribution at (1) would
be taken for neutron-star mergers without electromagnetic
counterpart. Stellar black-hole mergers are not expected
within the red bounded regions, which are: (2) events above
60M; (3) mergers whose light black hole (m2) has a sub-
solar mass, that would be probably taken for a neutron star,
with the black hole of mass m1 in the peak of our distribu-
tion; (4) mergers with m1 in the mass gap; (5) a sub-dominant
population of mergers with low mass ratios. The three recent
LIGO/Virgo detections, which postdate the rest of the figure,
are shown in green and lie in regions 2, 4 and 5.
astronomical probes [51] could search for extra features
in their mass function. This would probe the existence
of any new particles thermally coupled to the primordial
plasma, independently of their coupling to SM particles,
for masses from 1 MeV to 1010 GeV (above which PBHs
should have evaporated), far beyond the energy accessi-
ble by any future particle accelerator.
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host spheroidal mass (in units of solar mass) for n˜s = 0.95
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Appendices
A1. Sensitivity to Primordial Non-Gaussianity and
Model Dependence — Non-Gaussian (NG) effects will
change the probability of PBH formation and thus their
DM contribution [21, 52]. There are many NG effects
that modify the probability of collapse, from changes in
the tail of the primordial density contrast distribution
function to non-linear effects in the gravitational collapse
at PBH formation. We emphasize that our model for the
generation of curvature fluctuations on QCD scales is dif-
ferent from the multiple-field (curvaton) model presented
in Refs. [7, 8]. Here we envision an inflation model with
two slow-roll phases. For example, Critical Higgs Infla-
tion [19, 53] may induce fluctuations of order 10−5 on
the CMB scale and 0.1 on the PBH scale. Both can
be generated by dynamics consistent with present val-
ues of SM parameters and this gives similar spectral tilts
(n˜s ∼ 0.97) on two very different scales. The assumption
of near-scale-invariance can be relaxed to describe more
complex formation mechanisms, but the thermal history
will still imprint the PBH mass function in a similar way.
These features are therefore universal and would apply
for any PBH model.
Note that the O(1) fluctuations needed for PBH col-
lapse are generic in inflation [54]. What is unusual is
the small amplitude observed in the CMB, which re-
quires some adjustment of parameters, although realized
very naturally in Higgs inflation [19]. Moreover, the NG
change in the tail of the PDF of curvature fluctuations
due to deviations from slow-roll at the quasi-inflection
point in critical Higgs inflation will give rise to an ex-
ponential amplification of the probability of collapse to
PBHs when those scales re-enter the Hubble scale dur-
ing the radiation era [55]. We have therefore assumed
a nearly scale-invariant spectrum characterises this type
of single-field model of inflation. A more detailed study
will be required to test those scales against the observed
mass distribution in the LIGO-Virgo interferometers.
A2. Microlensing Limits — It is sometimes argued
that the EROS/MACHO microlensing limits exclude
solar-mass PBHs with f totPBH = 1 but this is based on var-
ious contentious assumptions (no clustering, fixed circu-
lar velocities, isothermal DM halo profile). In the supple-
mentary material, we show that these limits are evaded in
our scenario. This is because the primordial power spec-
trum is enhanced on small scales, so the corresponding
inhomogeneities virialise much quicker than in the stan-
dard cosmological scenario and the PBHs rapidly form
compact clusters. The CMB limits of Refs. [26, 56] are
in tension with our model but only for M >∼ 1000M
and the steady-state assumption could break down for
such large masses. The high-mass peak in Fig. 2 in the
main text also conflicts with the CMB µ-distortion [57]
unless one invokes a large amount of accretion or non-
Gaussianity [58]. Non-Gaussianity changes the tails of
the PDF of fluctuations. This typically increases the
probability of collapse without changing the shape of the
mass function [59] if the distribution above the critical
threshold is exponentially suppressed.
The most important uncertainty in the microlensing
limits comes from PBH clustering. Rather than being
uniformly distributed in the galactic halo, as assumed by
the MACHO, EROS and OGLE analyses, PBHs must
be clustered to some degree. This applies for all forms
of DM but the clustering in the PBH case is strength-
ened for two reasons. First, the Poisson fluctuations due
to the discrete nature of PBHs give a dominant contri-
bution to the matter power spectrum below kiloparsec
scales [60]. Our fourth cosmic conundrum relies on this
effect. Second, the strongly enhanced and nearly scale-
invariant primordial power spectrum ensures that any
small-scale inhomogeneity is rapidly driven into the non-
linear regime. Even if the impact on the halo mass func-
tion is not so significant, overdense regions collapse at
much earlier times and this leads to the formation of ini-
tially more compact DM clusters (minihalos) than in the
standard cosmological scenario.
The size of these PBH minihalos today is nevertheless
limited by dynamical effects, just as for globular clusters.
The typical relaxation time for a halo made of compact
objects like PBHs is
trel ≈
(
Ncl
lnNcl
)
vvir
Rcl
, (A1)
where Ncl, Rcl and vvir are the number of PBHs in the
8minihalo, its radius and its virial velocity,
vvir ≈
√
GMcl
2Rcl
, (A2)
respectively. Assuming trel ≈ 1010 yr and a mass
MPBH ≈ 2M, corresponding to the proton peak in the
PBH mass function, one gets a lower limit Rcl ≈ 10 pc.
The dependence on the halo mass is only logarithmic and
so this critical scale is universal.
A more refined analysis of the dynamics of UFDGs,
including the effects of a central intermediate mass BH,
leads to a similar lower limit on Rcl and is supported
by UFDG observations (see the fifth cosmic conundrum).
For globular clusters, the dynamical hardening of binaries
in the core can reduce the critical radius to parsec scales
and this might also apply for some PBH clusters. But it
is unlikely that smaller PBH clusters exist today, because
they would be dynamically unstable.
Given that clustering is unavoidable, the main contri-
bution to a uniform PBH distribution in our own galactic
halo would come from PBHs which have been removed
from their host cluster by close encounters and tidal inter-
actions (i.e. the slingshot mechanism). Preliminary N -
body simulations show that the fraction of objects ejected
over the age of the Universe is about 10%. The case of
PBHs is not much different and those with a mass com-
parable to stars should be expelled at a similar rate. For
subsolar PBHs, the uniform fraction could be enhanced
but they are anyway contributing no more than a few
percents of the DM, much below the microlensing limit
on non-clustered PBHs.
We now explain why PBHs in clusters do not induce
detectable microlensing events, thereby evading the usual
LMC and SMC microlensing limits, even if PBHs make
all the DM. If a PBH cluster, assumed to be spherical for
simplicity, is aligned with a star in one of the Magellanic
clouds, it will induce strong gravitational lensing of this
star, with a deflection angle
α(ξ) =
4GM(ξ)
c2 ξ
, (A3)
where
M(ξ) = 2pi
∫ ξ
0
Σ(ξ′) ξ′ dξ′ (A4)
is the mass within a cylinder of radius ξ with axis along
the z direction between the observer and the star, and
Σ(ξ) =
∫
ρPBH(ξ, z) dz (A5)
is the projected surface density of the PBH cluster. For
a cluster of mass Mcl and radius Rcl ≈ 10 pc and ξ ' Rcl,
one gets a deflection angle
α(Rcl,Mcl) ≈ 2× 10−13
(
Mcl
M
)(
pc
Rcl
)
≈ 2× 10−10 .
(A6)
Typically, this is not resolvable but the observed lumi-
nosity flux of the star is spread over an Einstein arc. At
a cluster distance Dcl ∼ O(10 kpc), the deflection angle
is subtended by a length L ∼ Dcl α ∼ 10−9 (Mcl/M),
which for a cluster mass Mcl & 103M is much larger
than the Einstein radius RE of an individual solar-mass
PBH in the cluster:
RE = 2
√
GmPBH x (1− x)
Dcl
c2
∼ 10−8 pc , (A7)
where x ≡ Dcl/DLMC/SMC is the distance ratio between
the lens and the source. Therefore the star’s luminos-
ity is only marginally affected by magnification due to
a nearby PBH. Indeed, the microlensing by a PBH in a
cluster would induce less than 10% magnification of the
star, whereas microlensing surveys only searched forO(1)
magnifications [61]. Only if the star is exactly aligned
with the center of mass of the cluster, which is very
unlikely, or if the cluster mass is below 103M, which
should only represent only a small fraction of the PBH
density, would the magnification of the star’s luminosity
be appreciable.
These new and rather simple arguments provide a ro-
bust motivation for the microlensing limits presented in
the fourth line of Tab. 1 and in Fig. 2 in the main text.
This argument also applies to the supernovae lensing lim-
its [62, 63] and quasar microlensing, since the Einstein ra-
dius scales as RE ∝ D1/2cl and the arc length as L ∝ Dcl,
suppressing the ratio even more.
A3. Distribution of PBH Merger Detections — The
expected distribution of PBH merger detections for
LIGO/Virgo has been estimated for PBH binaries formed
through tidal capture in DM haloes. Their merging τ is
given by [64]
d2τ
dm1dm2
∝ fPBH(m1)fPBH(m2)× (m1m2)
2/7
(m1 +m2)10/7
,
(A8)
where m1 and m2 are the two component masses. The
normalization is unimportant as long as one is interested
in the distribution of BH mergers. The total rate has
uncertainties related to the halo mass function and con-
centration, the minihalo profiles, the PBH velocity dis-
tribution etc. Nevertheless, for realistic assumptions one
can obtain a merging rate compatible with the one in-
ferred by LIGO/Virgo if PBH constitute a non-negligible
fraction of the DM [64, 65].
The distribution of mergers as a function of the com-
ponent masses is less impacted by these astrophysical
uncertainties. It is therefore a better target for distin-
guishing between BHs of primordial and stellar origin.
Knowing the detector range as a function of the black
hole or neutron star binary chirp mass [66], one can re-
late the rate distribution to the probability distribution
for merger events. The latter is shown in Fig. 3 in the
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Figure 5. Expected probability distribution of PBH binary
merger detections with masses m1 and m2 (in units of solar
mass) by LIGO/Virgo for the primordial binary formation
channel, using the same method and PBH mass function as
Fig. 3 in the main text. The merger rate distribution is pro-
vided in [67] and we assume a suppression factor S = 0.01 to
get a total merging rate of τ ≈ 50yr−1Gpc−3 between 5 and
50M. Predominant mergers in the proton peak are expected
for this channel, which is excluded by the mass distribution
of O1 and O2 detections. The solid and dashed white lines
correspond to mass ratios q = m2/m1 of 0.1 and 0.5, respec-
tively.
main text for the O2 observing run, assuming ns = 0.97
and a PBH to horizon mass ratio γ = 0.7. So far the
expected event distribution is compatible with observa-
tion, and its specific features are discussed in the main
text. We do not consider the expected distribution of de-
tections for primordial binaries, because it is still unclear
how the expected PBH mass function would suppress the
merging rate due to early-forming PBH haloes seeded by
Poisson fluctuations. A more refined analysis of this bi-
nary formation channel is needed and this will require
N -body simulations.
A4. Late versus early binary formation — It is still un-
clear which binary-formation channel dominates but the
primordial channel is subject to more uncertainties and
there are two reasons for assuming this is disfavoured.
First, we are considering a scenario with fPBH = 1, in
which case N -body simulations show that rapidly form-
ing clusters lead to a suppression of the merging rate of
primordial binaries, for both a monochromatic and log-
normal mass distribution. The importance of this sup-
pression is still unclear but Ref. [68] claims it could be up
to two orders of magnitude. In our scenario, PBHs with
mass in the range 10 – 50M relevant for LIGO/Virgo
only account for a few percent of the dark matter. The
two effects combine and one gets a merging rate of order
1 – 10 yr−1 Gpc−3, consistent with the LIGO/Virgo lower
bound. Consequently, the merging rate from capture in
halos can well be the dominant channel. Since the mass
dependence of the suppression for primordial binaries is
unknown for our mass function, we have only considered
the capture channel because the merger rate distribution
is subject to fewer uncertainties in this case.
Second, the rate limits from the O1-O2 runs of
LIGO/Virgo already disfavour primordial binaries as the
dominant channel for our mass distribution if we assume
(for simplicity) a suppression rate independent of the
mass or even no suppression at all. The merging rates
should go roughly as f(mPBH)
2/mPBH for equal-mass bi-
naries. For unequal-mass binaries, the rates calculated
by Kocsis et al. [69] and assumed by Gow et al. [67] can
be used. In any case, one comes to the same conclu-
sion: with our bumpy mass function the limits set by
LIGO/Virgo on the subsolar scale could not be evaded
for primordial binaries if they also explain some of the
larger black hole mergers detected. We have also repro-
duced Fig. 3 in the main text for the case of primordial
binaries: the expected distribution of merger events in
the (m1, m2) plane, shown in Fig. 5 has a dominant peak
at the solar-mass scale and only a subdominant number
of events the high-mass region. This is the opposite of
what LIGO/Virgo has observed. Finally, we point out
the recent claim of Ref. [70] that the expected merging
rate of primordial binaires is highly suppressed due to
the time dependence of the Misner-Sharp mass when one
uses the Thakurta metric for the radial density flows.
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